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EVALUATION OF AN ABNORMAL-GLOW DISCHARGE 
FOR USE AS A LABORATORY PLASMA SOURCE 


By Albert S. Roberts, Jr.*, and William. L. Grantham 
Langley Research Center 

SUMMARY 

Abnormal-glow -discharge plasmas from both needle- and inverted-brush cathode 
configurations were studied for potential use as laboratory test beds to develop and cali- 
brate plasma diagnostic sensors. Electron densities of 10^^ electrons/cm^ were pro- 
duced with short-term variations of less than ±6 percent and long-term (several months) 
repeatability better than ±15 percent. 

Measured plasma profiles are in good agreement with linear diffusion theory for 
uniformly spaced brush elements; however, an attempt to shape the steady-state profile 
by tailoring the cathode distribution did not produce the theoretically predicted result. 
During tube warmup, some profile shaping was observed. 

INTRODUCTION 

The development of new and improved plasma measurement techniques requires 
better laboratory plasmas. A variety of plasma sources have been used in the past for 
evaluating plasma diagnostic techniques. In reference 1, a shock tube was used to eval- 
uate electrostatic probes intended for reentry plasma measurements. In references 2 
and 3, microwave diagnostic techniques were evaluated in a radiofrequency -generated 
plasma source and gaseous discharge tube. 

A plasma source which has several improved properties (stability and repeatability) 
that make it especially suitable as a test bed for evaluating new diagnostic techniques has 
been described by Persson (ref. 4). These properties were possible through his studies 
of an abnormal -glow discharge from a multineedle -brush cathode. His particular cathode 
configuration extended the length of the negative -glow plasma, which characteristically 
has a more stable and repeatable electron density than other available sources. 


*Associate Professor of Engineering, Old Dominion University, Norfolk, Va. 
(Consultant at NASA Langley Research Center). 



Experiments by Musal (ref. 5) demonstrated the use of an inverted-brush cathode 
in a cold-cathode discharge. With both the needle-brush and inverted-brush cathodes, 
a stable plasma environment was produced with electron densities exceeding 
10^2 electrons/4m^. References 6 and 7 also report experimental results obtained with 
a negative -glow plasma. 

Cylindrical cathodes used in this experiment are similar to those used by Persson 
and Musal. A modified rectangular cathode made of alternately long and short lamina- 
tions was also studied. The composition, density, and temperature structure of electron- 
beam -generated plasmas have not yet been adequately analyzed; however, several impor- 
tant papers treating the basic physics are in references 8 to 14. 

Four specific objectives were desired in the work presented herein: (1) to pro- 
duce a static plasma that is free of large variations in electron density ng (with 
ne > IQll cm"^); (2) to obtain reproducible, reliable values of electron density and elec- 
tron temperature Te; (3) to obtain the spatial distribution of the electron density for 
correlation with theoretical profiles; and (4) to control transverse electron -density 
profiles to give a nearly uniform distribution in the plane perpendicular to the tube axis. 
All these objectives are aimed at providing a known and controllable plasma environment 
for studying antenna -plasma interactions (ref. 15), 

Measurements of the plasma electron density were made with microwave interfer- 
ometers and Langmuir probes. The interferometer is considered more accurate because 
of the ease of interpreting the phase data and because dielectric calibration techniques 
could be used to check its accuracy. The Langmuir probe data, which are more difficult 
to interpret in terms of absolute electron density, were used primarily to measure 
electron -density profile shape and electron temperature. 

SYMBOLS 

a length of rectangular cathode, cm 

b height of rectangular cathode, cm 

c speed of light, m/sec 

Da ambipolar diffusion coefficient, cm^/ sec 

e electron charge, coulombs (C) 

H unit step function 
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1 normalized saturation ion current (normalized to value at tube center) 

k integer 

I integer 

m mass, kg 

ne electron number density, cm"^ 

p pressure, torr (l torr = 133.3 N/m^) 

r radial distance from tube center, cm 

R radius of circular tube, cm 

S electron source term of cathode surface, cm'^.sec"^ 

Sq electron source term of unmodified cathode surface, cm^^-sec-^ 

T temperature, or 

V voltage, volts (V) 

x,y rectangular coordinates used in description of cathode, cm 

a recombination coefficient, cm^/sec 

permittivity of free space, C/V-m 

0 fraction of electron source term excluded due to insulator 

Xj-j Debye wavelength, cm 

CO electromagnetic frequency, rad/sec 

Subscripts: 


at 


atom 



e electron 

i ion 

j index for variable 

1 identifies specific value of variable 

APPARATUS AND MEASUREMENT TECHNIQUES 
Cylindrical Plasma Tube 

General features of the discharge tube and associated apparatus are shown in fig- 
ures 1 and 2. End plates with service penetrations close off the large (45.7-cm diameter) 
tube which houses the smaller discharge tube. Equal pressures inside and outside the 
small discharge tube permit the use of thin tube walls needed for studies of antenna - 
plasma interaction. 

The discharge tube used in the negative -glow plasma experiments was operated as 
a continuously pumping vacurnn system. A leak valve and a 7.1 x 10“^ m^/sec mechan- 
ical vacuum pump allowed constant -pressure operation. Before the cold-cathode, direct- 
current discharge was initiated, the system was pumped to less than 10"^ torr. Several 
helium purges up to 10 torr were performed to limit impurity content; however, neither 
cryogenic nor chemical trapping was used on the vacuum pump or gas inlet lines. 

Pressure was determined within ±6 percent over the operating range of the discharge 
tube (0.92 to 1.4 torr). Pressure drift was kept below 6 percent during the test period 
since greater changes might cause a measurable change in plasma properties. 

A well-regulated, low-ripple (0.01 percent V rms) dc power supply was used to 
drive the discharge. Power levels of 100 to 200 watts were sufficient to operate the 
abnormal -glow discharge at 2 kV and 1 to 2 torr. Stability of the power supply was 
important to prevent time -varying plasma electron density. 

A primary design problem involved careful suppression of electrical breakdown at 
the cathode support plate. A teflon gasket (fig. 2(b)) was used to insulate the cathode 
from the stainless -steel end plate (ground) and provide a resilient seat for the pyrex tube, 
which fitted closely about the cathode. The pyrex. tube (48.5 cm long) was spring-loaded 
from the anode end to allow for thermal expansion. Helium, fed through a pyrex tube 
near the base of the cathode, was slowly pumped out through vents in the anode. 

A tungsten -needle -brush cathode and inverted -brush cathode were constructed for 
use in the abnormal -glow discharge (fig. 3). Fabrication of the needle brash was a more 
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difficult task, since several thousand tungsten needles (0.127 cm in diameter and 3.94 cm 
long) had to be brazed into a stainless -steel base plate. For a given tube voltage, the 
tube current for the inverted -brush cathode was higher than that for the needle-brush 
cathode and the inverted -brush cathode took longer to reach equilibrium. Short thermal - 
equilibrium time was needed; therefore, the needle -brush cathode was used in subsequent 
experiments. 


Rectangular Plasma Tube 

The objectives cited in the Introduction will now be applied with some additional 
considerations to make the rectangular tube more suitable for antenna-plasma studies. 
These include the need for a greater volume of plasma with a more uniform density and 
control of the transverse plasma profile. 

The rectangular plasma tube was assembled with precision -ground quartz plates 
arranged to form a parallelepiped about a rectangular cathode; dimensions were 
19.05 X 6.35 X 45.7 cm measured along inside surfaces. Figure 4 depicts the rectangular 
cathode composed of 0.16-cm-wide niobium laminae of two different heights. This 
modified brush design provided a large cathode surface area; furthermore, the cathode 
composition could be varied in the thin dimension by replacing niobium laminae with a 
nonconductor (Lavite, for example). Such an exchange has been made in the brush cath- 
ode shown in figure 5 in an effort to control the shape of the electron-density profile. 
Niobium was chosen as a cathode material because of its low sputter coefficient under 
ion bombardment. 


Plasma Diagnostics 

Since the plasma under evaluation is intended primarily for studies of microwave - 
antenna — plasma interaction, the plasma property of interest is electron density and 
its spatial distribution. Both microwave interferometers and Langmuir probes were 
used to measure electron density. The interferometer data, in this particular case, 
are more accurate than the wire probe data because of a simple conversion of phase 
data to electron density and because of calibrations used to verify the accuracy of the 
interferometer. 

Microwave interferometer .- A 20 -GHz interferometer was used to measure plasma 
phase shift. Figures 2 and 6 show a photograph and schematic of the microwave - 
interferometer installation. The microwave antennas were installed inside the main 
vacumn chamber; copper tubes with an inside diameter of 1.27 cm served as waveguides, 
and penetrations for these were made in the stainless -steel end plate. The antennas 
could be placed at any location along the axis of the tube as needed. Three different 
locations were used in these experiments. 
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The interferometer accuracy was checked by using dielectric slabs of known per- 
mittivity between the antennas. This not only checked the measurement accuracy of the 
system but qualified the measurements for interpretation with the use of plane-wave 
theory (refs. 16 and 17), The calibrations were made with the discharge tube in place. 
A 48-GHz interferometer was used during some experiments and confirmed the ne 
values obtained with the 20 -GHz system within 12 percent. 


The measured phase was used to determine electron density from the fol- 
lowing equation (eq. 4.2.3, in ref. 17): = ^e^mc^ J ^ experiments the 

plasma density was less than 2 x 10^2 cm-3, which is well below critical density for the 
frequencies 20 and 48 GHz (approximately 5 X lO^^ cm“3 and 3 X 10^^ cm"^^ respec- 
tively). Since plasma densities were well below the critical value, the phase parameter 
was easily integrated (ref. 17) to establish a density correlation; a parabolic spatial 
distribution of ne was assumed. This density distribution is confirmed to be parabolic 
by Langmuir probe data presented later in this report. 


Langmuir probe .- Langmuir probes were used to obtain high spatial resolution 
necessary for measurements of electron -density profiles. Analysis of the electric -probe 
data is not as straightforward as that of interferometer data and is, therefore, discussed 
in more detail. 


A microscopic approach must be taken in order to analyze the electric current to 
a wire probe immersed in a plasma in terms of electron density and electron tempera- 
ture. A self-consistent analysis for a current-collecting probe has been developed by 
Laframboise (ref. 18) with the assumption of no interparticle collisions in the sheath 
region between the plasma and a cylindrical probe surface. Sonin (ref. 19) adapted this 
technique for the experimentalist, and a further adaptation of the Laframboise results 
was incorporated in the computer program for the present paper to compute Ug and 
Te from the Langmuir probe signatures. 

To interpret Langmuir probe data, the experimentalist should know about collisional 
processes in the vicinity of the probe, electric potential distribution in the sheath, and 
the characteristic plasma dimensions, such as mean free paths relative to probe size. A 
report by Kanal et al. (ref. 20) describes the sheath structure quantitatively and presents 
physically realistic potential models which are compared with the results of Laframboise. 
Table I lists values of mean-free -paths, Debye length Xp, and other characteristic 
lengths for the negative glow plasma in helium at 1.2 torr. The fact that the Debye length, 
which is a measure of sheath thickness, is larger than the probe radius allows accelerated 
particle orbits that may not intersect the probe surface. Also, the ion-atom and ion-ion 
mean free paths are large compared with sheath thickness; thus, multiple collisions in 
the sheath are possible. Since density measurements from the Langmuir probe did have 
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increasingly better agreement with interferometer measurements as probe radii were 
reduced (from 254 jum to 127 jum, 76.2 /mm, 25.4 pm, and 7.62 jLtm), it can be assumed 
that there were orbits and collisions in the probe sheaths. Length-to-diameter ratios 
for the tungsten wire probes were made about 100 for all probes to minimize end effects. 

The small probes were the most difficult to fabricate. Serviceable probes were 
made either by drawing pyrex down onto the wire and trimming, or for the finer wires, 
by using an oven-glazed silicone cement to seal the end of the pyrex tube around the wire. 
This wire probe was inserted from the anode end of the tube and its end located directly 
between the two microwave antennas. 

Two degrees of freedom were available for transverse Langmuir probe motion 
without disassembling the tube by using a mechanical linkage from the probe mount inside 
the vacuum chamber to exterior controls. A nine-point transverse profile could be taken 
in about 20 minutes. The glass -sheathed probes could also be retracted for measure- 
ments at different axial positions. Before probe signatures were taken, the probe was 
cleaned by drawing sufficient electron current to bake it out at a dull white glow. This 
procedure gave better reproducibility of the current -voltage signatures. 

After the probe was positioned, data were obtained by sweeping the voltage on the 
probe plus and minus several volts around the floating potential. Voltage and current to 
the probe were recorded by use of the circuit shown in figure 7. Probe signatures, probe 
dimensions, gas properties, and measured ion temperature were punched onto cards for 
subsequent computation of ng and Tg with a digital computer program. 

EXPERIMENTAL RESULTS AND DISCUSSION 
Circular-Brush-Cathode Plasma 

Operating data for the tube with the circular brush cathode are shown in figure 8. 
The positive slope of the voltage -current curve is the expected characteristic of an 
abnormal -glow discharge (ref. 21). In this abnormal mode, the negative -glow region of 
the discharge was extended down the tube, had a characteristic pink deexcitation light, 
and had a floating potential of a few volts (positive -column regions normally have 50 volts 
or more). 

The region of negative-glow plasma is produced by a low -density beam of electrons 
emitted from the cathode when the needle surfaces are bombarded by positive ions. The 
electron beam has, to a first approximation, a kinetic energy equivalent to the cathode 
potential, and most of the tube potential drop occurs near the cathode. Adjustment of 
tube voltage affected the reaching distance of the primary electron beam, as evidenced 
by the change observed in the length of the pink negative -glow region. 
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Electron density measurements. - Interferometer data shown in figure 9 indicate 
the measured levels of plasma electron density for different tube conditions. The 
electron-density levels are especially sensitive to pressure around 1.1 torr. Good 
repeatability (±15 percent) of electron concentration was observed over a period of 
several months, and the short-term variations were less than ±6 percent. Warmup of 
the tube required about 30 minutes and appeared to be related to the temperature of the 
cathode. All data were taken after this warmup time so that the plasma properties 
would be stable. A comparison of interferometer and Lar^muir probe (7.62-jnm diam- 
eter) data is given in figure 10 for different tube conditions. These data show that 
although the curves are similar in general shape, they are quite different in magnitude. 
The Lai^muir probe data are generally lower than microwave values. (See ref. 6.) 

It should be kept in mind that the primary data needed from Langmuir probes are 
the shapes of the Ug profiles and that absolute values of Ug are obtained from the 
interferometer. 


Electron -density pro files.- Theoretical calculations of radial electron-density 
profiles have been made by Persson (ref. 4) for the negative-glow plasma. A simplified 
ambipolar diffusion treatment was used, wherein the governing equation for electron 
density with axial gradients neglected is 


D 


1 

a r 



+ S 



( 1 ) 


with 



at 


r = 0 (center line) 


and 


ne = 0 at r = R (wall) 

In this equation, S is a uniform source term due to the primary electron beam, 

Da is the ambipolar diffusion coefficient, and o; is a volume recombination coefficient. 
The validity of some inherent assumptions in this model have been discussed in another 
paper by Persson (ref. 13). The solution of equation (1) results in a radial profile that 
is parabolic, since the ne distribution is diffusion limited (i.e., orng^ = 0, ref. 4). 
Subsequent experiments show that the profile was, in fact, parabolic. 

Profile data taken with the Langmuir probe at a fixed axial station are shown in 
figure 11; tube pressure and voltage are specified. These data show the reproducibility 
of density profiles (radial), since the data shown (runs 28, 32, and 45) were taken over a 
14-day period. Note the discrepancy between the density measured by the microwave 
interferometer and the Langmuir probe on the tube center line. Also shown in figure 11 
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is the theoretical profile computed with the simplified ambipolar diffusion model of 
Persson (ref. 4). The good comparison of theory and experiment gives added confidence 
in the theoretical model. Profiles taken with several different probe diameters always 
gave the same profile shape even though the magnitudes of ne were very different. 

Density profile shapes were reproducible, but the local values of electron temper- 
ature Tg varied by as much as 33 percent at any given operating condition. Steady - 
state gas temperatures were 90° to 100° C as measured by a thermocouple at the tube wall 
(fig. 12). Gas and ion temperatures are assumed to be the same. There is little coupling 
between random energy modes via electron-ion collisions; hence, Tg is strongly 
influenced by other volume effects. Heating of the plasma electrons is most probably 
caused by destruction of metastable atoms in collisional-radiative recombination events 
with the plasma electron acting as a third body (ref. 11). Measured electron tempera- 
tures ranged from 3000° to 5000° K, which are higher than those reported by Powers 
(ref. 22) for a negative glow in high-purity helium. 

For any given tube operating conditions, the repeatability of Tg was about 33 per- 
cent (derived from the Langmuir probe). Even so, experiments showed that a variation 
of 33 percent in local electron temperature, used in the reduction of the Langmuir probe 
data, changed the corresponding ng by only 4 percent. In Persson' s negative-glow 
plasma, electron temperatures were lower by a factor of 2 or 3 than those reported 
herein. 


Rectangular-Cathode Plasma 

The rectangular cathode resulted in negative -glow plasma that was very stable with 
the laminated cathode configuration, and the cathode was less susceptible to sparking. 

The operating voltage ranged closely around 2 kV, and tube current increased in propor- 
tion to the area increase over that of the circular brush cathode. Parametric data taken 
by varying pressure and voltage showed similar trends and magnitudes when compared 
with the circular-tube data. 

The neutral gas temperature in the discharge was monitored as a function of time 
from a cold startup. The tube current and electron density changed with the gas temper- 
ature until a steady-state temperature was reached. Repeatable plasma data were 
obtained only after this equilibrium was obtained. The coupling mechanism between long- 
time tube warmup and short-relaxation-time plasma properties is not presently well 
understood. Time needed to obtain equilibrium was substantially longer for the rectan- 
gular configuration as shown in figure 12. 

Profile data taken at three axial stations are shown in figure 13. These Langmuir 
probe data have been adjusted so that the center value agrees with the microwave - 
interferometer value. Off-center values were also adjusted by the same factor. Further 
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study is required to determine whether the skewed profile at the axial location 26.04 cm 
from the cathode is a real effect or is due to data inaccuracy. 

In figure 14, density profile data are shown to correlate well with linear theory 
(diffusion limited) for the axial distance of 20.95 cm. In this case the theoretical profile 
was obtained from the solution of 


Da 


,8x2 


8 m 


9y" 


+ S = 0 


( 2 ) 


Agreement between theory and experiment is better for the rectangular -tube data than for 
the circular -tube data (fig. 11). 

Control of the transverse spatial plasma distribution was needed to make the 
plasma more versatile. The approach taken was based on physical interpretation of the 
plasma source mechanism, operative through a primary electron beam emanating from 
the cathode. Since volume ionization is produced by this beam, a variation in cathode 
surface emission could be expected to redistribute the plasma. 

To determine whether there would be any redistribution, computations of the trans- 
verse electron-density profile (fig. 15) were made based on the solution of equation (2) 
with a variable source term. The solution to equation (2), derived in the appendix, is 




4\ b / a b 


k=l 1=1 


kit + 

\b / _ 


( 3 ) 


where k and I can assume odd values only. The width and height of the cathode are 
a and b, and Sq is the source term for the unmodified portion of the cathode. The 
parameter 9, which is a fraction of the viniform source, is described in the appendix. 

For 9 = 1.0, no electron emission is permitted from the dielectric portion of the cathode; 
hence, the hollow beam source cathode (fig. 5) should cause a flattened electron-density 
profile if the analysis is correct. The effect of electric fields normal to the electron 
beam was not considered. 

Experiments were performed with the segmented cathode, but the steady -state, 
thermal-equilibrium results displayed no flattened profile. The results indicate only 
some asymmetry and a decrease in electron density. However, during tube warmup a 
less peaked distribution in the y -direction was observed. This observation is indicated 
in figure 16 where ion current is shown as a function of vertical distance from the tube 
center. For an isothermal plasma, the ion current is proportional to the electron 
density. Cryogenically cooled helium was leaked through the gas inlet to see whether 
the profile shaping could be preserved for a longer time. Using the cooled helium 
extended the equilibration time to about 3 hours. 
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CONCLUDING REMARKS 


A stable, negative -glow plasma with reproducible properties has been achieved. 

This plasma has repeatable electron densities within ±15 percent over a period of several 
months and short-term stability of ±6 percent. Electron -density profiles determined 
from Langmuir probe measurements have the same shape as predicted with linear diffu- 
sion theory. Attempts to control the electron -density profile by shaping the rectangular 
cathode were only partially successful. 

Correlation of electron concentrations determined by the microwave interferometer 
and the Langmuir probe is best for the smallest probe used (7.6 jum in diameter). Errors 
in excess of 50 percent were experienced with larger probes. 

EKiring this study some significant problem areas have been uncovered and deserve 
further attention. The two most interesting anomalies encountered during the research 
were (1) disagreement of electron -density values measured by the Langmuir probe and 
the microwave interferometer (these values were resolved within a factor of 2) and 
(2) the effect of tube warmup on magnitude and distribution of plasma density. The first 
problem requires further consideration regarding applicability of collisionless electric- 
probe theory; the second problem indicates the need for theoretical and experimental 
transient analysis. From an applications standpoint these two problems can be tolerated. 
For example, although there are differences in magnitudes of election density (depending 
on probe radius), the electron -density profile shapes are independent of probe radius and 
tube pressure. 

Langley Research Center, 

National Aeronautics and Space Administration, 

Hampton, Va., January 19, 1971. 



APPENDIX 


DIFFUSION -EQUATION SOLUTION 

Solution of the diffusion equation (2) was determined for the rectangular discharge 
tube to obtain the two-dimensional electron -density distribution given as equation (3). 
Generation of plasma was assumed to vary directly with the area of the cathode face from 
which the primary electron beam was emitted. A technique of finite Fourier integral 
transformations was used to obtain the series solution for ne(x,y). 

Consider the model outlines in sketch 1. 


y S(y) 



The coordinate y ^b^ locates the edge of the Lavite insulator, where 0 < b;l[ ^ b/2. 
The parameter d is the fraction of the imiform source So which is excluded because 
of the insulator, where 0 = 6 S 1. In terms of unit step functions the distributed source 
term for equation (2) can be written as 

S(y) = So|H(y) - 0H(y - bi) + eu[y - (b - b^)] - H(y - b)j (Al) 

where 

H(y-yj)=0 (y^ yj) 

and 

H(y - yj) - 1 (y > yj) 
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APPENDIX - Continued 


The four boundary conditions for electron number density required for solution of 
equatictti (2) are 


ne(0,y) = ne(a,y) = O' 
ne(x,0) = ng(x,b) = 0^ 


(A2) 


Formal transformation of equations (2) is made by defining certain integral fvinc- 
tions. This method of solving a partial differential equation is discussed in reference 23. 
Define successive finite sine transforms Kg and Sg of the number density as follows: 


%(k,y) = ng(x,y) sin ^ dx 


(A3) 


ne(k,i) ng(k,y) sin ^ dy 


(A4) 


Multiplying equations (2) successively by sin dx and sin dy and succes- 

^ b 

sively integrating by parts by use of equations (A3) and (A4) gives the following equation 
ink- and l-space: 


_ pb pa S(y) sin sin dx dy 




(A5) 


Substituting for S(y) from equation (Al) and integrating equation (A5) leads to 
Soab[l + (-!)''+!] [l + (-l)*^+l](l - 0 cos^-^) 


n = 




(A6) 


When inversion theorems for Fourier transformations are employed, a solution is 
obtained in terms of a double summation with the transform variables k and I as 
indices: 


ne(x,y) = ^ ^ J «e(k,0 sin sin ^ 
k=l 1=1 


(A7) 
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APPENDIX - Concluded 


where k and I run through all integers. Substituting equation (A6) into (A7) leads to 


ne(x,y) = -K— 




e cos 


iTrb 


^sin sin 
by a b 


k=l 1=1 


ki[k2 + 


where k and I can now assume odd values only. This series solution was summed 
on a digital computer and boundary conditions were checked. For the calculations of the 
normalized theoretical ne profile in figure 15, the following values from sketch 1 were 


used: x = p 


”1-1 b _ 1 
b 4’ ^ a 4‘ 
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TABLE I. - TYPICAL CHARACTERISTIC LENGTHS OF BRUSH CATHODE PLASMA 


[ne (at tube center) = 10^^ cm“^; Te = 4000° K; 

Tat » Tj = 400° K; p = 1.2 torr of He] 

Probe radius, cm 0.00038 

Ratio of probe length to diameter 100-200 

Tube diameter, cm 7.2 

Debye length, Xj),. cm 0.0004 

Mean free paths: 

atom -atom, cm 0.017 

ion-atom, cm 0.0036 

electron-atom, cm 0.067 

electron -electron, cm 0.35 

electron -ion, cm 0.35 

ion-ion, cm 0.007 
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(b) Locations of electrodes and sensors. 
Figure 2.- Concluded. 



















Figure 9.- Electron density from 20 -GHz 
microwave interferometer. 
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Figure 10.- Plasma electron density measured with 
Langmuir probe and microwave interferometer. 



Run 


20 GH 

Probe interfere] 
data data 

28 o • 

32 □ ■ 

45 O ♦ 



irofiles from Langmuir prot 
V = 1.95 kV. 




Rectangular 



I I I I I L 

0 20 30 40 50 60 70 

Time, min 

Figure 12.- Temperature time history for plasma tubes. 
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Figure 15.- Theoretical plasma electron-density profiles with a 
variable source parameter. 
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Figure 16.- Plasma profile during tube warmup with and without Lavite insert 
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